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Abstract: The modeling of photovoltaic cells is an essential step in the analysis of the performances
and characterization of PV systems. This paper proposes an experimental study of the dependence
of the five parameters of the one-diode model on atmospheric conditions, i.e., irradiance and
temperature in the case of thin-film solar cells. The extraction of the five parameters was performed
starting from two sets of experimental data obtained from Cu(In,Ga)Se2 solar cells fabricated by the
low-temperature pulsed electron deposition technique. A reduced form approach of the one-diode
model has been adopted, leading to an accurate identification of the cell. It was possible to elaborate
suitable relations describing the behavior of the parameters as functions of the environmental
conditions. This allowed accurately predicting the trends of the parameters from a pair of curves,
instead of a whole set of measurements. The developed model describing the dependence on
irradiance and temperature was validated by means of a large set of experimental measurements on
several Cu(In,Ga)Se2 (CIGS) devices built with the same technological process.

Keywords: Cu(In,Ga)Se2 solar cell; one-diode model; experimental characterization; temperature
dependence; irradiance dependence

1. Introduction

Thin-film solar cells are commonly considered the second generation of photovoltaics, and their
market penetration is rapidly expanding, thanks to their competitive costs with respect to traditional
silicon cells. Mainly, this is due to the higher absorption coefficient of polycrystalline chalcogenides,
so that a few micrometers of material are enough to absorb most of the sunlight, contrary to Si,
which requires 100–200 µm. In particular, Cu(In,Ga)Se2 (CIGS) [1] is the quickest expanding thin-film
technology, despite the expensive fabrication costs required for standard multiple-stage cell production
routes based on sputtering [2], thermal co-evaporation [3] and the notable NRELthree-stage CIGS
deposition process [4]. Nowadays, lab-scale CIGS solar cells with a conversion efficiency ≈23% have
been obtained [5]. Low-Temperature Pulsed Electron Deposition (LTPED) is a novel and less expensive
alternative growth technology for depositing CIGS on a variety of different substrates including
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ultra-lightweight metal foils and thermolabile substrates, with no need for post-deposition treatments
like selenization or high temperature annealing [6]. Thanks to the combination of low substrate
temperatures (≈250 ◦C) and the unique properties of the single-stage PED ablation process, solar cells
with efficiencies up to 17% have been fabricated [7]. The huge expansion experienced by CIGS-based
PV technology in this last decade needs suitable tools to estimate and predict the power generation
of CIGS-based PV systems. Recent studies on the current-voltage characteristics of CIGS addressed
some issues on modeling, such as in [8] or in [9], where analytical models of the J-V characteristics
of CIGS-based thin film solar cell was proposed, starting from the study of the junction parameters.
On the other hand, few works, to the authors’ knowledge, have taken into account the dependence
of the current-voltage characteristic on irradiance and temperature conditions. In particular, in [10],
an analysis of the current-voltage curves of a CIGS solar cell from experimental data for different
irradiation conditions was proposed. In the cited work, an analysis featuring high irradiance levels
(from 1–5 Sun at steps of 0.5 Sun) was taken into account. A specific modified double diode model
was proposed, and the dependence of the model parameters on irradiance level was investigated.
Unfortunately, the temperature influence on the parameters is omitted both in terms of modeling and
in terms of experimental study. The most complete analysis proposed in the literature is probably the
one in [11], where an analytical model for CIGS, with dependence on illumination and temperature,
is presented. In this paper, starting from a physical model of the junction, a modified version of the
one-diode model is presented, where the circuital parameters depend nonlinearly on voltage, irradiance
and temperature. This model seems to be extremely complete and, in theory, could be used to predict
the power production for a PV system based on CIGS. In terms of usage, it requires a fitting procedure
based on current-voltage curves from both dark and illuminated (for example at 1 Sun) conditions,
and consequently, it is easily implementable. The main inconvenience is related to the analytical model.
The model was developed on CIGS cells featuring moderately high efficiency (as stated by the authors)
and requires further analysis for general CIGS cells. These results seem to suggest the necessity for a
modified and specific model for CIGS, since the direct adoption of the available model for Si-based
devices cannot ensure the required accuracy. Moreover, the study of tailored models for the different
technologies is still an open issue [12–16]. Indeed, each PV technology has different characteristics,
and only experimental characterization, together with suitable models, allows gaining insight into its
behavior. In general, the most widely-used circuital representation for the description of the current
voltage relationship of PV cells is the one-diode (or five-parameter) model [17,18], whose lumped
circuital parameters can be identified either from datasheet information [19,20] or from experimental
data [21]. Clearly, the current-voltage curve depends on environmental conditions, and consequently,
even for such a model, the lumped parameters of the circuital model change according to solar
radiation and cell temperature [18]. For this reason, it is important to study this dependency for each
parameter and develop, for each different technology, a complete model able to take into account
this effect and predict the current-voltage curve in any environmental condition. The bottleneck of
this kind of approach is the effectiveness of the model extracted, since it is affected by the error in
the identification of the circuital parameters: indeed, to identify the model, it is necessary to solve
a least squares problem involving noisy experimental data, which is a non-trivial task. The main
critical issues of this problem are the size of the solution space and the choice of the initial values of
the parameters. These issues have also led to some erroneous considerations about the validity of the
one-diode model for different technologies, due to the extraction of non-physical meaning parameters.
In some cases, other circuital models employing a higher number of diodes have been adopted [12,14],
but this leads to further difficulties in the solution of the identification problem due to a higher number
of parameters involved. However, as already shown in [21], the dimension of the search space for the
one-diode model can be decreased by using the so-called reduced forms: this approach reduces the
number of unknowns of the problem from five to two, making it possible to solve the least squares
problem with efficient and simple deterministic methods. Following this approach, significant benefits
can be achieved, such as a reduced execution time and better convergence, while preserving accuracy.
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In addition, the extracted parameters have physical meaning thanks to the tailored boundary, and for
this reason, they can be successfully used to model the cell behavior. For example, by observing
the trends of the extracted parameters with changing environmental conditions or after prolonged
exposure, it is possible to elaborate precise relations for the aforementioned parameters [22].

In this work, we performed the experimental characterization for CIGS solar cells grown by
LTPED and the successive set up and validation of a mathematical model based on a one-diode circuit,
describing the dependence on irradiance and temperature for each circuital parameter. Our approach is
based on two steps. In the first one, the identification of the five parameters of the one-diode model was
performed for each available experimental current-voltage curve, i.e., for different values of irradiance
and temperature. In the second, a mathematical model expressing the parameters’ dependence on
the environmental conditions was built from these preliminary results by exploiting a trial and error
approach. The proposed model was then validated by evaluating its error on current-voltage curves
different from those used for the extraction of the parameters. The results show the possibilities
of the adoption of the proposed model for the prediction of current voltage behavior for different
environmental conditions.

Since CIGS devices are becoming increasingly common in commercial application, an accurate
circuit model can benefit technological transfer for consumer-specific applications such as maximum
power point tracking, estimation of the energy production and aging assessment of the modules.

The paper is structured as follows: in Section 2, the experimental setup and the obtained
measurements are described; in Section 3, the problem of the identification of the one-diode model from
the available data is addressed; in Section 4, the model proposed for the dependence of the circuital
parameters on irradiance and temperature is presented and then validated against an independent
device set in Section 5. Conclusions and final remarks follow in Section 6.

2. Experimental Setup and Measurements

A preliminary part of the project dealt with measuring the experimental current-voltage (I-V)
characteristics of CIGS solar cells to be used in the subsequent modeling phase. Thin-film CIGS cells
were grown on soda-lime glass substrates coated with a Si3N4 blocking layer and a 0.5 µm-thick Mo
contact. A sodium-reservoir NaF layer was deposited by LTPED at a substrate temperature of 80 ◦C to
a thickness of the order of 8–10 nm. After the temperature of the deposition surface was increased up
to 250 ◦C, the CIGS absorber with a Ga/(In + Ga) ratio = 0.5 was grown by LTPED up to a thickness
of about 1.6 µm, monitored in situ by an IR pyrometer. The solar cells were then completed with
a 70 nm-thick CdS n-type buffer layer grown by Chemical Bath Deposition (CBD), followed by 50 nm of
undoped ZnO and 250 nm of Al:ZnO, both deposited by RF-sputtering. Al contacts (1 µm thick) were
finally thermally evaporated on the top surface. The details about the structural and the morphological
properties of LTPED CIGS solar cells can be found in previous works [6,7,23]. The representative
scheme of the solar cell architecture is shown in Figure 1. From a single fabrication batch, a set of
16 different cells with a total area of 0.25 cm2 was defined by mechanical scribing. Every cell was
characterized under Standard Reference Conditions (SRC) (25 ◦C, AM1.5spectrum and 100 mW/cm2)
using the following experimental setup:

• A class ABB solar simulator equipped with a xenon lamp was used to reproduce the solar spectrum;
• three air mass filters were used to shape the spectrum;
• a system to sense and tune the temperature of the cells made by a thermocouple, a Peltier cell and

a temperature controller was used to set and check cell temperature;
• a curve-tracer was used to extract the current from the cells by setting a voltage in the range

[−0.2, 1] V with a step of 0.01 V;
• a calibrated test cell measured the irradiance;
• all the acquisition and measurements were controlled by a LabVIEW interface.

The average electrical parameters of the cells and the relating standard deviations are summarized
in Table 1.
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Figure 1. Schematic representation of the architecture of the Cu(In,Ga)Se2 (CIGS)-based cell under
study. CBD, Chemical Bath Deposition; LTPED, Low-Temperature Pulsed Electron Deposition.

Table 1. Photovoltaic parameters of CIGS cells measured under Standard Reference Conditions (SRC)
((*) measured under dark conditions).

Parameter Measured Value

Jirr 27.4 ± 1.3 mA/cm2

Voc 0.686 ± 0.010 V
FF 0.67 ± 0.02
η 12.6 ± 0.82%
Rsh 135 kΩcm2 (*)
Rs 12 Ωcm2 (*)

One of these cells was measured to obtain two sets of curves, varying the two main environmental
parameters: irradiance and temperature. The first dataset was collected by maintaining the level
of irradiance at 100 mW/cm2 and increasing the temperature from 25–55 ◦C with a step of 5 ◦C.
The second set was obtained by setting the temperature at 25 ◦C and varying the irradiance S in
the range [30, 130] mW/m2 with a step of 20 mW/cm2. The dataset of each curve is made up of
120 samples; the measured curves are shown in Figures 2 and 3.
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Figure 2. I-V characteristics of the CIGS solar cell at different temperatures.
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Figure 3. I-V characteristics of the CIGS cell for different irradiance values.

For the sake of completeness, in Figure 4, a dark (0 mW/cm2 and 25 ◦C) vs. SRC (100 mW/cm2

and 25 ◦C) measurement is reported. This measurement allows assessing the difference between
voltage-dependent collection and the shunt effect and is important for a physical interpretation of the
device operating behavior. Indeed, for a complete physical investigation of the device behavior, larger
ranges in temperatures and irradiances should be considered, especially for better understanding of
the transport phenomena inside the solar cells. For further details, valid results can be found in [24,25].
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Figure 4. Dark (0 mW/cm2 and 25 ◦C) vs. SRC (100 mW/cm2 and 25 ◦C) I-V characteristics of the
CIGS cells.

Lastly, the trends observed for the cells’ open-circuit voltage and short-circuit current versus
irradiance and temperature are reported, respectively, in Figures 5 and 6. Characterization has been
performed on multiple cells, and the trends do not differ significantly from the ones reported in
the figures.
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Figure 5. Irradiance [30, 130] mW/m2 dependence of the short-circuit current (left) and open-circuit
voltage (right).
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Figure 6. Temperature [25, 55] ◦C dependence of the short-circuit current (left) and open-circuit
voltage (right).

3. Identification of the One-Diode Model from Measurements

The one-diode model is the lumped parameter circuit shown in Figure 7, consisting of an ideal
current source Iirr, addressed as photo-generated current (depending on solar radiation level), a diode
connected in parallel with a current ID, a shunt current Ish triggered by the shunt resistance Rsh and a
series resistance Rs. The equation characterizing the current I and voltage V is:

I = Iirr − ID − Ish = Iirr − Io

[
e(V+IRs)/(nVT) − 1

]
− (V + IRs)/Rsh (1)

where n and Io are the ideality factor and the reverse current of the diode, respectively, while VT is
the thermal voltage. In Equation (1), V and I stand for cell output voltage and current, respectively.
Although this circuital model might seem simple, it is able to describe accurately the current-voltage
behavior of different PV cell technologies [19] and can be used for several interesting PV-related
applications, such as irradiance measurement [26,27], device degradation assessment [28] and
maximum power point tracking [29–33]. As stated before, the main problem in the use of this circuital
model is the extraction of its parameters from measured current-voltage curves. Indeed, this requires
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the solution of a Least Squares Problem (LSP) with the five unknowns θ5 = [Iirr, Io, n, Rsh, Rs] in an
extremely large search space, that is the minimization of the Squared Error (SE):

SE =
N

∑
n=1

[In − f I(Vn, θ5)]
2 (2)

where N is the number of samples, Vn and In are the vectors of voltage and current measured samples
and f I(Vn, θ5) is the computed current by solving Equation (1) for assigned Vn. In order to avoid
unrealistic solutions related to local minima of Equation (2), deterministic methods (based on the
Newton–Raphson approach) should be avoided. Consequently, stochastic approaches with elevated
computational costs are often used [19,21]. Nevertheless, this does not guarantee the optimality of the
found solution, and it is still necessary to repeat the minimization process several times. A few years
ago, an effective approach had been proposed to solve this problem quickly [19–21]. This approach is
based on the reduction of the unknowns of the problem by means of the so-called “reduced forms”
of the one-diode model. In fact, in [19], it has been demonstrated, through algebraic manipulations,
that the ideality factor n and the series resistance Rs can be used as unique independent variables,
by exploiting voltage and current data in Open-Circuit (OC), Short-Circuit (SC) and Maximum Power
Point (MPP) conditions. This allows solving the same problem with:

θ5 = [Iirr(n, Rs), I0(n, Rs), n, Rsh(n, Rs), Rs] (3)

where the relations Iirr(n, Rs), Io(n, Rs) and Rsh(n, Rs) are the ones presented in [19]. Thus, we define
the effective unknowns’ vector as:

θ2 = [n, Rs] (4)

Iirr

Rs

Rsh

+

−

I

V

ID Ish

Figure 7. Representative scheme of the equivalent circuit described by the one-diode model.

This choice leads to the possibility of reducing the size of the search space and implementing, in the
MATLAB environment, a deterministic optimization algorithm based on the least squares method,
removing the necessity of using complex and computationally-demanding algorithms. In this case,
a deterministic approach operates well enough, since the two unknowns are bounded and a minimum
can be easily found for the problem [21]. Clearly, the solution found is affected by error due to the
hypothesis that OC, SC and MPP were exact. Indeed, those values are extrapolated from available
measurement, and consequently, this can greatly influence the solution found by using reduced
forms. Still, as explained in [21], the found solution can be used as an initial guess for the complete
minimization problem (with five unknowns) of Equation (2) by means of a deterministic method, since,
in this case, we are sure that a good initial guess has been chosen. Additional details on this approach
can be found in [19,21]. Thus, the procedure adopted can be outlined in the following steps:

• Initial determination of the model parameters by solving the reduced-form problem (i.e., extraction
of n and Rs). The problem is solved by means of the least squares method on I-V curves in the
voltage range (0–Voc). The algorithm iteratively adjusts [n, Rs] by minimizing the squared error
between computed and measured current samples.
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• Re-solution of the problem in complete form with the I-V curves in the voltage range [−0.2, 1] V
starting from the solution found in the previous part. The results of this latest step are reported in
Tables 2 and 3 for different values of irradiance and temperature.

Table 2. Five parameters found vs. irradiance for a temperature of 25 ◦C.

50 mW/cm2 90 mW/cm2 110 mW/cm2

Iirr (A) 0.003328 0.006292 0.007516
Io (A) 4.913 × 10−10 1.958 × 10−9 3.316 × 10−9

Rsh (Ω) 1.802 × 103 1.077 × 103 1.030 × 103

Rs (Ω) 3.611 3.153 3.342
n 1.618 1.777 1.847

Table 3. Five parameters found vs. temperature for an irradiance of 100 mW/cm2.

25 ◦C 40 ◦C 55 ◦C

Iirr (A) 0.006840 0.006848 0.006899
Io (A) 1.018 × 10−9 9.904 × 10−9 1.771 × 10−7

Rsh (Ω) 925 1243 1807
Rs (Ω) 3.877 2.606 2.882
n 1.729 1.740 1.887

4. Model for Irradiance and Temperature Dependence

The extracted parameters have been used to gain insight into their dependence on irradiance
and temperature. This was done in order to develop a model able to predict the current-voltage
relationship for different environmental conditions, i.e., for different temperature and irradiance
values. In particular, we consider the dependence on temperature and irradiance separately, aiming
at developing simple expressions. The first model investigates the temperature dependence, and the
second investigates the irradiance dependence.

4.1. Temperature Set

Concerning the n and Rs parameters, no clear trend with temperature was observed. Therefore,
they have been assumed as constant. On the other hand, concerning I0, Iirr and Rsh, we started
with a simple expression related to the typical dependence of these parameters. In the following,
we use the subscripts ref to identify parameters at Standard Reference Conditions (SRC) [18]. For Iirr,
we consider a linear dependence, as expected by the traditional one-diode model, and later confirmed
by parameters validation:

Iirr = Iirr,re f (1 + α∆T) = Iirr,re f + α′∆T (5)

For Rsh, a similar dependence has been assumed. After some trial and error with different
formulae, we concluded that the following linear dependency guarantees a good accuracy:

Rsh = Rsh,re f (1 + γ∆T) (6)

The expression for Io is similar to the one usually employed for a standard Si-based PV cell:

Io = Io,re f

(
T

Tre f

)3

e

(
Eg,re f
kBTre f

− Eg(T)
kBT

)
(7)

where kB is the Boltzmann constant. Yet, in this case, we should consider two main problems: the first
is the difficulty to establish the value of Eg,re f , that is the band gap energy at SRC; the second is the
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further dependence of Eg(T) on temperature T. In order to overcome both problems, we proposed a
linear dependence for Eg(T),

Eg = Eg,re f + c · ∆T = Eg,re f + c · (T − Tre f ) (8)

Then, by manipulation of the argument of the exponential, we found:

Io = Io,re f

(
T

Tre f

)3

e
β(T−Tre f )

T·Tre f (9)

where the only remaining unknown coefficient β is equal to (Eg,re f − c · Tre f )/kB. It is worth noticing
that the previously-presented relation was found by a trial and error approach, starting from a
hypothetical relationship that was later refined by validating it against current-voltage curves at
different temperatures. To do this, we have considered the available samples related to temperature
set measurements. Each sample is composed of the triplet (Ik, Vk, Tk). The unknowns of the fitting
problem are the five parameters of the one-diode model and the coefficients α′,β and γ:

θ8 =
[
Iirr, I0, n, Rsh, Rs, α′, β, γ

]
(10)

The objective function to be minimized is:

SE =

Nsample

∑
k=1

[Ik − f I(Vk, Tk, θ8)]
2 (11)

In this case, as well, we used a two-stage approach. In the first stage, we used the whole dataset
available to verify the capabilities of the formulas and parameters added to describe the temperature
relation. In the second stage, we used only two or three current-voltage curves for the fitting of
the parameter and then used the found parameters to verify the performance in the prediction of
all available samples. As stated before, the set of formulas introduced was effective, and the mean
squared error found during the fitting by using all the available data was 2.768 × 10−9. Figure 8 shows
the comparison between the measured current-voltage characteristics taken from Figure 2 and the
simulated values for all available samples. Figure 9 plots the error between measured and simulated
samples. It is easy to note that the error is almost always below 1 × 10−4 A.

The results related to the second stage are reported in Table 4, where the Mean Absolute Error
(MAE) found in the evaluation of all the available data for the three different datasets used for the
fitting is presented. In particular, Case 1 refers to the two current voltage curves at 30 ◦C and 45 ◦C;
Case 2 refers to the two current voltage curves at 35 ◦C and 55 ◦C; and Case 3 refers to the three current
voltage curves at 20 ◦C, 40 ◦C and 55 ◦C. It is worth emphasizing that the Mean Squared Error (MSE)
does not differ significantly from the one achieved by using all the available data in the fitting.

Table 4. MSE for different cases of study.

Case MSE

Case 1 (30 ◦C–45 ◦C) 3.0651 × 10−9

Case 2 (35 ◦C–55 ◦C) 3.1132 × 10−9

Case 3 (25 ◦C–40 ◦C–55 ◦C) 2.8143 × 10−9

Case 4 (complete dataset) 2.7682 × 10−9

Since the order of the magnitude of the error does not vary significantly, it has been concluded
that a single couple of measurements is sufficient to identify the cell and hence to provide the five
parameters of the one-diode model; this avoids the acquisition of a whole set of measurements and
prevents errors that generally affect this stage. In support of the fact that the choice of the particular
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set of curves does not affect the result, the values of the five parameters of the model are shown in
Table 5 for the aforementioned cases of study.

Table 5. MSE for different cases of study.

Case MSE

Case 1 (30 mW/cm2–110 mW/cm2) 3.8654 × 10−9

Case 2 (complete dataset) 3.4023 × 10−9
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Figure 8. Comparison between measured and simulated values (obtained by the proposed set of
formulas) for all the available current voltage curves at different temperatures. Irradiance was fixed at
100 mW/cm2, and the temperature range was [25, 55] ◦C.
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4.2. Irradiance Set

For the dependence on irradiance, we performed an analysis analogous to the previous one for
temperature. By observing the measured parameters, it is evident that Io,n and Rs do not change
significantly with irradiance, whereas for Iirr and Rsh, the following trends have been assumed,
respectively (where S is the irradiance measured in mW/cm2):

Rsh = Rsh,re f 100/S (12)

Iirr = Iirr,re f S/100 (13)

We repeated the same procedure as for the previous case. For the sake of simplicity, only the results
obtained by using a couple of curves, and the ones later refined on the whole dataset, are reported.

As in the previous case, the use of the whole dataset reduces the value of the error.
Still, the results obtained with a pair of curves are quite accurate. The comparison between the
measured current-voltage characteristics in Figure 3 and the simulated curves is shown in Figure 10.
The corresponding mean absolute error is reported in Figure 11.

It can be noticed that, as in the case of varying the irradiance, the value of MAE is maintained
around 10−4; thus, even in this case, the method is able to identify the cell accurately.
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Figure 10. Comparison between measured and simulated values (obtained by proposed set of formulas)
for all the available current voltage curves at different irradiance. Temperature was fixed at 25 ◦C,
and the irradiance range was [30, 130] mW/m2.
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Figure 11. Absolute error in logarithmic scale between measured and simulated values for all
datasets with different irradiance. Temperature was fixed at 25 ◦C, and the irradiance range
was [30, 130] mW/m2.

5. Validation of the Proposed Model on a Further Measurement Set

In order to verify that the model developed is not only valid for the single group of devices used
for its definition (belonging to the same built set), but is in general valid for CIGS cells produced
following the process described in Section 2, further tests where performed: in particular, the same
measurement procedure described before was repeated for ten solar cell devices. The choice of
irradiance range (from 30 mW/cm2–130 mW/cm2) and temperature range (from 25–50 ◦C) was made
in order to consider typical environmental conditions for operative solar cells. The characterization
process followed the same approach described previously: a couple of current-voltage curves were
used to identify the model parameters, and the error in estimation for all the operating conditions was
evaluated. For all the devices used in this validation, the results were satisfactory. Indeed, the mean
squared error between simulated and measured values for the whole set of measurements was always
below 1× 10−8 and exactly between 1.8× 10−9 and 7.7× 10−9. In the two Figures 12 and 13, we report
the comparison, between measured and simulated values for all the available current-voltage curves,
at different irradiance and temperatures of a single device. The device belongs to the validation set
(i.e., was not previously used during the development of the model). This is done for the sake of
simplicity, but analogous results were achieved for all the validation tests.

Lastly, the model was validated with irradiances and temperatures both outside SRC, to simulate
real environmental conditions for which the two quantities can vary independently. Three notable
tests are reported in Figure 14.

Both the irradiance and temperature influence on the performance were predicted with
a remarkable accuracy, and consequently, we can affirm that this simple circuital model, with respect the
other present in the literature, such as [10,11], can be used to evaluate electric yield for CIGS solar cells.
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Figure 12. Comparison between measured and simulated values (obtained by the proposed set of
formulas) for all the available current voltage curves at different irradiance levels [30, 130] mW/m2

and a temperature of 25 ◦C.
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Figure 13. Comparison between measured and simulated values (obtained by the proposed set of
formulas) for all the available current voltage curves at different temperatures [25, 55] ◦C for an
irradiance value of 100 mW/cm2.
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Figure 14. Comparison between measured and simulated values (obtained by the proposed set of
formulas) for all the available current voltage curves at conditions outside SRC for both temperature
and irradiance.

6. Conclusions

In conclusion, we proposed an experimental study of the dependence of the lumped circuital
parameters of the one-diode model on atmospheric conditions, i.e., irradiance and temperature in the
case of thin-film solar cells. Starting from two sets of experimental data obtained from Cu(In,Ga)Se2

solar cells fabricated by the LTPED technique, the lumped circuital parameters have been found.
In order to obtain an accurate identification, a reduced form approach of the one-diode model has
been adopted. It was possible to elaborate a comprehensive model for irradiance and temperature
dependence, i.e., suitable relations describing the behavior of the parameters as functions of the
environmental conditions. The set of introduced formulas was effective and allowed the prediction of
the current-voltage characteristics for different environmental conditions outside SRC. An important
strength of the proposed model is that the identification of the involved parameters can be achieved
by using a few measured curves. Consequently, this can be considered a further step towards the
development of a tailored PV simulator for CIGS-based modules. As a final consideration, it can be
seen that the the high ideality factor obtained from the model identification suggests recombination
phenomena. To account for this phenomena, a more complex model, the two-diode model, could
be used. Investigating the temperature and irradiance dependence of the two-diode model is a very
challenging open problem, for which we believe this work can be a good starting point.
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29. Öztürk, S.; Canver, M.; Çadırcı, I.; Ermiş, M. All SiC Grid-Connected PV Supply with HF Link MPPT
Converter: System Design Methodology and Development of a 20 kHz, 25 kVA Prototype. Electronics 2018,
7, 85. [CrossRef]

30. Laudani, A.; Lozito, G.M.; Lucaferri, V.; Radicioni, M.; Riganti Fulginei, F.; Salvini, A.; Coco, S. An analytical
approach for maximum power point calculation for photovoltaic system. In Proceedings of the 2017 IEEE
European Conference on Circuit Theory and Design (ECCTD), Catania, Italy, 4–6 September 2017; pp. 1–4.

31. Liu, C.L.; Chen, J.H.; Liu, Y.H.; Yang, Z.Z. An asymmetrical fuzzy-logic-control-based MPPT algorithm for
photovoltaic systems. Energies 2014, 7, 2177–2193. [CrossRef]

32. Li, C.; Chen, Y.; Zhou, D.; Liu, J.; Zeng, J. A high-performance adaptive incremental conductance MPPT
algorithm for photovoltaic systems. Energies 2016, 9, 288. [CrossRef]

33. Yaden, M.F.; Melhaoui, M.; Gaamouche, R.; Hirech, K.; Baghaz, E.; Kassmi, K. Photovoltaic system equipped
with digital command control and acquisition. Electronics 2013, 2, 192–211. [CrossRef]

c© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.solener.2014.02.014
http://dx.doi.org/10.1016/j.ijleo.2017.10.115
http://dx.doi.org/10.1063/1.4755772
http://dx.doi.org/10.1109/JPHOTOV.2018.2819664
http://dx.doi.org/10.1016/j.solmat.2015.09.048
http://dx.doi.org/10.3390/en10070998
http://dx.doi.org/10.3390/s18103405
http://www.ncbi.nlm.nih.gov/pubmed/30314322
http://dx.doi.org/10.1016/j.solener.2017.10.015
http://dx.doi.org/10.3390/electronics7060085
http://dx.doi.org/10.3390/en7042177
http://dx.doi.org/10.3390/en9040288
http://dx.doi.org/10.3390/electronics2030192
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction
	Experimental Setup and Measurements
	Identification of the One-Diode Model from Measurements
	Model for Irradiance and Temperature Dependence
	Temperature Set
	Irradiance Set

	Validation of the Proposed Model on a Further Measurement Set
	Conclusions
	References

